The use of current pulses to move domain walls along nanowires is one of the most exciting developments in spintronics over the past decade. We show that changing the sign of the curvature of a nanowire changes the speed of chiral Néel domain walls in perpendicularly magnetized nanowires by up to a factor of 10. The domain walls have an increased or decreased velocity in wires of a given curvature, independent of the domain wall chirality and the sign of the current-induced spin-orbit torques. Thus, adjacent domain walls move at different speeds. For steady motion of domain walls along the curved nanowire, the torque must increase linearly with the radius, which thereby results in a width-dependent tilting of the domain wall. We show that by using synthetic antiferromagnetic nanowires, the influence of the curvature on the domain wall's velocity is eliminated, and all domain walls move together, emphasizing the use of such structures for spintronic applications.
INTRODUCTION
Early interest in the manipulation of magnetic moments by torques derived from spin angular momentum transfer (1, 2) focused on spinpolarized tunneling currents that are the basis for the writing of magnetic memory elements in magnetic random access memories (3, 4) and spindependent scattering-induced spin-polarized currents, which can be used to manipulate domain walls (DWs) (5) (6) (7) (8) (9) (10) (11) . More recently, it has been realized that significant spin currents can be generated from electrical currents via the spin Hall effect (SHE) in metals and alloys (12, 13) . Such spin currents can be used to apply spin-orbit torques to rotate the magnetization of magnetic elements or to move chiral Néel DWs (14) (15) (16) (17) and skyrmions (18, 19) . Recently, the lock-step motion of a series of DWs with speeds of up to~1000 m/s has been observed (14, 20, 21) . However, nearly all experiments to date on the current driven motion of DWs in magnetic nanowires have focused on straight nanowires. Here, we show that the curvature of nanowires strongly affects the velocity of the DWs, so that they no longer move in lockstep.
Experiments were performed on devices (Fig. 1A ) that were formed from ultrathin Co/Ni/Co sandwiches deposited on a Pt underlayer (Fig.  1 , B, D, and E) with, in some cases, a Pt overlayer. The Pt under-and overlayers induce perpendicular magnetic anisotropy (PMA) in the Co/ Ni/Co sandwich and also, most importantly, give rise to a DzyaloshinkiiMoriya interaction (DMI) (22) (23) (24) that stabilizes Néel DWs that are chiral in nature. Thus, DWs are formed at the boundaries between magnetic regions with magnetization pointing out of (⊙) and into the plane (⊗) of the nanowire, where the magnetization rotates from ⊙ to ⊗ in a plane that is perpendicular to the length of the DW. This rotation can be in a clockwise or counterclockwise sense, which is determined by the sign of the DMI vector. By tuning the Pt/Co interface, we are able to tune the direction of the dominant DMI to change the chirality of the DW as well as the magnitude and sign of the SHE (Fig. 1, B , D, and E) (20, 25) . The chiral spin torque is largely determined by the DMI and SHE (14) . A typical device is U-shaped, allowing direct comparisons of the measured DW velocity in the straight and curved sections for the same current pulses. For the curved section, the distance traveled by the DW along the arc q, where the mean radius, R, across the wire width is used for calculating the DW velocity, v. The curvature of the nanowire is defined as jkj ¼ 1 R , and the sign of the curvature is defined with respect to the direction of motion of the DW. If the DW moves along a clockwise path, then k > 0, and if it moves along a counterclockwise path, then k < 0. [Note that, the curvature can be defined equally well in the same way with respect to the current direction (see the Supplementary Materials).] We assign DWs as either ⊙ | ⊗ or ⊗ | ⊙ with regard to the direction of their motion. The injection procedures for a single DW or a pair of DWs are described in the Supplementary Materials.
RESULTS
The dependence of the v on the current density J is shown in Fig. 1B for a device with R = 7 mm and wire width w = 2 mm. Results are compared for the DW motion in the straight and curved sections of the same device for different curvatures and for ⊙ | ⊗ and ⊗ | ⊙ DWs. It is clear that ⊗ | ⊙ DWs for positive curvature and ⊙ | ⊗ DWs for negative curvature move much faster than the same DWs in the straight section (where ⊙ | ⊗ and ⊗ | ⊙ DWs move at the same speed). When the sign of the curvature is switched, the corresponding DWs move much more slowly. The ratio of the DW speeds for opposite curvatures can reach more than 300% of the lower speed in Fig. 1B .
The dependence of DW velocity on curvature is shown more vividly by concurrently studying the motion of a pair of DWs. Typical results from the same device used in Fig. 1B are shown in Fig. 1C . Two DWs with varying inter-DW distances were initially injected into the curved section of the wire. Then, two current pulses, each with a length of 100 ns and a current density of 0.6 × 10 8 A/cm
In Fig. 1 (D and E) , we compare similar Co/Ni/Co structures in which variations in thicknesses of the Pt and Co layers at the top and bottom interfaces are used to control the effective signs of the DMI and SHE in the structures (20, 25) . Our experiments show that for any values of SHE and DMI, ⊗ | ⊙ (⊙ | ⊗) DWs go faster (slower) for positive curvature. Conversely, ⊗ | ⊙ (⊙ | ⊗) DWs go slower (faster) for negative curvature. Thus, although the motion of DWs in such structures arises from two chiral phenomena, namely, DMI and SHE, the chirality of these phenomena plays no role in determining whether the DWs go faster or slower for a given curvature. This is summarized in Fig. 1F .
The dependence of the DW velocity on the radius of curvature and width of the nanowire is shown in Fig. 2 . We find that whether the DW velocity is increased or decreased for a given curvature is independent of R and w. We note that there is a threshold current density J c needed to cause DW motion, as shown in Figs. 1 (B, D, and E) and 2 (A and D). When J slightly exceeds the threshold current for DW motion, the ratio of the velocities for ⊙ | ⊗ (UD) and ⊗ | ⊙ (DU) DWs for the same curvature À n DU nUD Á takes the largest value, reaching almost 10 for the smallest R used in our experiments, as shown in Fig. 2B . However, when J is increased significantly above J c , n DU n UD becomes smaller but remains larger than 1 and becomes insensitive to R and w. We suppose that the motion of the DWs at low current densities will be "creep-like," that is, dominated by thermal activation, and at higher current densities will be "flow-like." Then, the current density at which the DW motion passes from one regime to the other can be influenced because of the enhanced or reduced torques resulting from the curvature of the wire. In their respective regimes, the ratio of the curvature-dependent torques is similar. Thus, the peak in the velocity ratio will appear when the faster DW moves from the creep-like to the flow-like regime. Our quasi-twodimensional (2D) analytical model of the DW motion that we discuss below includes thermal effects, and when we include a periodic pinning potential, we find a similar peak in the velocity ratio we find experimentally.
DISCUSSION
Previously, to gain an understanding of the motion of DWs in response to spin-orbit torques, it has proven to be very insightful to use an analytical 1D model in which the DW's profile is assumed unchanged (14, 26) . Here, we develop a quasi-2D model for curved wires under the assumption that the DW's profile now remains constant within the DW's moving frame of reference. To do this, we need to make a transformation between the Cartesian coordinate system of the observer and the cylindrical coordinate system of the DW. The critical parameters in the model to describe the DW motion with the moving frame of reference are q, f, and z (see Fig. 3A and fig. S1A ). f is 
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the angle that the net magnetization of the DW, m → , makes with respect to the tangent direction to the nanowire, and z is the tilting angle of the DW with respect to the radial direction. H → DM is the DMI exchange field whose direction is always perpendicular to the DW, and H → k is the DW shape anisotropy field, which is also always perpendicular to the DW, but whose direction favors m → being parallel to the DW. There are two important torques that drive the DW, as shown in Fig. 3A . These
, respectively, where g is the gyromagnetic ratio. The most important factor that changes the DW velocity in curved wires compared to that in straight wires is the current-induced tilting of the DW from its initial radial direction that it takes up in the absence of current. Current-induced tilting of DWs in straight nanowires has previously been observed (27, 28) and is due to an increase in the DMI exchange energy as the spin Hall torque rotates m → away from H → DM , which can be minimized by DW tilting. However, this lengthens the DW, thereby increasing the magnetostatic energy and limiting the DW tilt angle. In straight wires, the DW tilt angle should be constant across the wire (neglecting edge effects). However, in curved nanowires, this is not possible because the velocity of the DW at the outer rim must be higher than at the inner rim of the nanowire for steady-state motion of the DW. This means that the torque at the outer edge must be correspondingly larger and indeed must increase linearly from the inner to the outer rims. The fact that the current density is reduced at the outer rim compared to the inner rim accentuates the nonuniform tilting of the DW across the nanowire. Our quasi-2D model and micromagnetic simulations (29) confirm our conjecture (see the Supplementary Materials). The tilt, that is, the rotation of the DW can be in either the same or the opposite direction to the physical rotation of the wire itself (that is, curvature), leading to distinctive behaviors for opposite curvatures, as illustrated in Fig. 3 . When the DW tilts away from the direction of the curvature, the chiral spin torque is decreased (Fig. 3A) , and for the opposite curvature, the chiral spin torque is increased (Fig. 3B) . In both cases, this is due to the increase or decrease of the angle between the H → DM and m → . In addition, t → k either adds or subtracts from t → DM depending on the curvature (see Fig. 3B ), which is different from straight wires when t Detailed results from the quasi-2D model that show the dependence of v and f and zon J are included in Fig. 3 (C to F) . The model has features similar to our experimental results concerning the dependence of v on J, namely, a threshold J above which v gradually increases until v plateaus at different values for different curvatures and wire widths. Both f and z reach plateaus at the same J as v, but whereas z takes very different values for different curvatures, f is insensitive to the curvature. Thus, it is z that controls the dramatic dependence of the dynamical motion of the DW on curvature, as illustrated schematically in Fig. 3 (A and B) . z has a nonmonotonic dependence on v that results from the DW pinning. Although it is clear that our model does not exactly match our experiments, it does account for the major features that we find and gives useful insight into their origin. The universal relationship between the DW speed and curvature that we find experimentally is reproduced by the model. The model also shows how the influence of the curvature on the DW velocities is reduced as the nanowire width is reduced, as shown in Figs. 2 (D and E) and 3E. However, even for nanowires as narrow as 50 nm with the same ratio of radius of curvature to width as those shown in Fig.  2 (A and B) , our model shows that there remains a pronounced difference in ⊙ | ⊗ and ⊗ | ⊙ DW velocities (see fig. S16 ). One very important consequence of the curvature-dependent DW velocity is that, in the presence of curvature, ⊙ | ⊗ and ⊗ | ⊙ DWs move at different speeds: These speeds, as we have shown, can vary by an order of magnitude. This is a serious problem, which has not previously been appreciated, for DW devices such as racetrack memory (5) that rely on the lock-step motion of a series of DWs along a nanowire. However, we have discovered that the influence of the curvature is eliminated in synthetic antiferromagnetic (SAF) nanowires. Such SAF nanowires are composed of lower and upper magnetic layers that are coupled strongly antiferromagnetically via an ultrathin ruthenium layer (see the schematic structure in Fig. 4A) (30-32) . Typical results for the DW velocity versus the current density for a SAF U-shaped device are shown in Fig. 4B . We note that, in agreement with our previous results for the CIDWM in SAF nanowires (21) , the DW velocity is significantly higher in the SAF structure compared to single magnetic layer devices, both in the straight and in the curved sections. The DWs move at speeds of up to~450 m/s compared to only~150 m/s for the same current densities in single magnetic layer nanowires. The data in Fig. 4B clearly show that the DWs move at the same velocity independent of the curvature of the wire, and thus, the lock-step motion of a series of DWs is possible, as shown in Fig. 4C .
The insensitivity of the DW velocity on the curvature for SAF nanowires can be explained as follows. First, the DW tilting is largely suppressed in the SAF because the tilting of the ⊙ | ⊗ DW in one layer is opposite to that of the ⊗ | ⊙ DW in the other layer, and the strong antiferromagnetic coupling, therefore, mitigates tilting. Second, the CIDWM in the SAF nanowire is dominantly driven by an exchangecoupling torque (21) that is derived from the antiferromagnetic exchange coupling field that is much larger than both H In summary, we have found that the velocity of DWs is significantly affected by the curvature of racetracks in which they are driven by current. Moreover, we find that there is a universal relationship between the increase or decrease of the DW's velocity to the direction in which the DWs move around the racetrack, independent of the sign of the SHE and DMI that provides the driving torques. In racetracks formed from synthetic antiferromagnets, the effect of the curvature is significantly diminished or eliminated, reinforcing the attractiveness of SAF racetracks for DW-based memory, logic, and sensor devices.
MATERIALS AND METHODS

Sample preparation
The thin film structures were grown using magnetron sputtering on Si(100) wafers on which an SiO 2 layer with a thickness of~250 Å had been formed by thermal oxidation techniques. The magnetic structures were grown on top of the SiO 2 layer. Various underlayers and thicknesses and sequences of the magnetic layers were used, which allowed for tuning of the strength of the DMI at the top and bottom interfaces of the magnetic stack and the magnitude of the spin currents generated by SHE in heavy metal layers at the top and bottom interfaces of the magnetic stack. The magnetic stacks and the layers used to generate the spin currents via SHE are shown as insets in Fig. 1 . For the structure shown in Fig. 1B , a seed layer of 100 Å AlO x | 20 Å TaN was formed by first depositing a layer of AlO x that was deposited by reactive magnetron sputtering using an Ar/O 2 (97/3) mixture onto the SiO 2 layer followed by a layer of TaN formed by reactive sputtering of Ta in an Ar/N 2 (90/10) mixture. For the structures shown in Fig. 1 (D and E) , a seed layer of 100 Å AlO x | 20 Å TaN was used. In all cases, a TaN capping layer of 50 Å was grown on top of the film stack shown in Fig. 1 to protect the film from exposure to the ambient atmosphere. Using photolithographic techniques and Ar ion milling, U-shaped nanowire devices were etched from the thin film stacks. These devices were protected by the deposition of an AlO x layer of the same thickness as that of the film thickness in the etched-out region. The U-shaped devices were fabricated with large areas at either end of them that are used to make electrical contacts, as shown in Fig. 1A . Electrical contacts were made using aluminum wire bonds. The current density values indicated in our experiments correspond to the straight section of the U-shaped device.
Kerr microscopy
Kerr microscopy measurements to record DW motion were made in differential contrast mode using a Xenon light source. An image was taken of the current magnetization state of the device: This is digitally subtracted from subsequent images. Thus, subsequent changes in the magnetization state appeared as dark or bright regions, depending on whether the magnetization in those regions is increased or decreased, that is, an up-pointing region that becomes displaced by a downpointing region appears as bright, and correspondingly, a downpointing region that becomes displaced by an up-point region appears as a dark region.
DW injection
(1)To obtain a single DW: First, the device was magnetized in a singledomain state by applying a perpendicular magnetic field in a given direction that is larger than the coercive field. Next, a perpendicular magnetic field was applied in the opposite direction that is sufficient to cause nucleation of a domain in one of the pads. This field was turned off when the domain from the nucleated region enters the nanowire. The domain nucleated randomly in one of the pads, because of the much larger area of the pads compared to that of the wire.
(2)To obtain a pair of DWs: First, the device was magnetized in a single-domain state by the application of an out-of-plane field, and then the field was turned off. Next, an in-plane magnetic field was applied parallel to the straight sections of the U-shaped device. Then, an electrical pulse into the device was used to reverse the magnetization of one of the straight sections of the nanowire plus a part of the curved region via spin Hall torque 21, 36 . An in-plane magnetic field varying from~500 to 1,000 Oe was used with correspondingly smaller current pulses for the larger fields. Electrical pulses were then applied to bring the two DWs (one at one of the ends of the nanowire, and the other in the curved section) to specific positions for carrying out the experiments. The spacing between the pair of DWs was first adjusted by moving the DW in the curved portion of the nanowire toward the DW at the end of the wire, which was pinned because a much larger current density was needed to move this DW into the large pad. Then, the two DWs were moved together around the nanowire. Alternatively, the in-plane magnetic field can be applied perpendicular to the straight sections of the nanowire, and current pulses were then used to generate two DWs in the curved part of the nanowire. Last, a small permanent magnet was occasionally used in conjunction with the sequences of current pulses to generate two DWs.
The detailed DW velocity measurements presented in the paper were based on single DW studies. In these cases, a DW was initially positioned at a specific position inside the straight or curved section of the U-shaped device. The DW velocity was then determined by applying current pulses with lengths that were varied from 50 to 100 ns.
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